represents a spectrum including proximal junctional failure (PJF), which includes radiographic evidence of PJK as well as clinical sequelae, such as pain, neurological deficit, and impaired quality of life requiring revision surgery. 8, 24 Radiographic definitions of PJK generally require kyphosis greater than 10°-20° compared with the preoperative baseline, but there is no standardized definition. 7, 10, 18 Some authors have attempted to create grading and classification scales for PJK. The Boachie-Adjei classification scheme for PJK is based on the type of structural failure (1, ligamentous; 2, bone; or 3, implant-bone interface), degree of kyphosis (A, 10°-19°; B, 20°-29°; or C, ≥ 30°), and the presence of spondylolisthesis (N, absence of spondylolisthesis above the UIV; or S, presence of spondylolisthesis above the UIV). 37 The PJF Severity Scale, developed by Hart et al. and the International Spine Study Group, includes neurological deficit (0, none; 2, radicular pain; or 4, myelopathy/motor deficit), focal pain (0, none; 1, visual analog scale score ≤ 4; or 3, visual analog scale score ≥ 5), problems with instrumentation (0, none; 1, partial fixation loss or prominence; or 2, complete fixation loss), change in kyphosis or posterior ligamentous complex integrity (0, 0°-10°; 1, >10° to 20°; or 2, > 20° or posterior ligamentous complex failure), UIV/UIV+1 fracture (0, none; 1, compression fracture; 2, burst or Chance fracture; or 3, translation), and level of the UIV (0, thoracolumbar junction; or 1, upper thoracic). 6 The causes of PJK are not fully understood but are believed to include one or more of the following factors: age-related degeneration and deformity, disruption of the posterior ligamentous complex, vertebral fractures, instrumentation failure, degenerative disc disease, and facet violation. 1, 2, 7, 24, 28 Additional risk factors include older age, 4, 14, 17, 26 increased preoperative sagittal imbalance, 18, 19, 21, 23, 33, 35, 36 use of pedicle screws, 10, 18, 19, 33 greater curvature correction, 18, 19, 33 disruption of posterior intervertebral elements, 3, 14, 19, 23 and fusion to lower lumbar vertebrae or the sacrum. 16, 25, 27, 33, 35, 36 Rates of PJK vary based on the reported definition; however, most range from 17% to 39%. 7, [15] [16] [17] 25, 35, 36 Interestingly, most cases of PJK occur relatively early in the postoperative course; 66% are observed in the first 3 months and 80% within the first 18 months. 33, 36 Ligament augmentation is a novel technique for PJK prevention that provides additional strength to the junction between the UIV and the level above (UIV+1). The ligament suture used in this procedure is strong and durable, yet flexible. The augmentation process itself is straightforward and safe and does not significantly increase operative time, thus making it a valuable adjunct for PJK prevention in adult spinal deformity.
Methods

Data Collection
A consecutive series of 200 adult spinal deformity patients undergoing instrumented fusion were included in this study: 100 before implementation of ligament augmentation and 100 after implementation of the technique. Surgeries were performed from 2010 to 2015 at a single institution by 2 surgeons (V.D. and C.P.A.). Patient demographics, including age; sex; indication for surgery; number of levels fused; and use of vertebroplasty, hook fixation at the UIV, or 3-column osteotomy, were collected. The proximal junctional angle (PJA) was measured preoperatively and at the last follow-up on standing 36-inch radiographs. The difference in these values was defined as the change in PJA. Patients with neuromuscular or neurodegenerative disorders were excluded from analysis. Only patients with at least 6 months of follow-up data were included. Spinopelvic parameters, including pelvic incidence, pelvic tilt, lumbar lordosis, pelvic incidence-lumbar lordosis mismatch, sagittal vertical axis, sacral slope, and thoracic kyphosis, were measured on pre-and postoperative standing 36-inch radiographs. All activities were approved by the Committee on Human Research, our institutional review board.
Ligament Augmentation
The goal of ligament augmentation is to provide strength to the UIV, UIV+1, and UIV−1 levels and decreased junctional stress at those levels. A matchstick burr is used to drill through the center of the spinous process, and a soft sublaminar cable is passed through these holes in a mirrored fashion (Fig. 1) . Two cables are used (one on each side) and are pulled tightly until the desired tension is achieved. The cables are then locked onto the rod using the supplied connectors. The spinous processes at these levels are loaded in slight extension to resist flexion at the terminal construct.
Statistical Analysis
Univariate analysis of continuous variables was performed using the Student t-test and analysis of categorical variables using the chi-square test. Multivariate analysis was performed using both linear regression and binary logistic regression. Variables were included in the multivariate model if they were found to demonstrate a statistically significant relationship or were known factors associated with PJK and PJF. For purposes of the multivariate analysis, the UIV was categorized as cervical, upper thoracic (T1-5), lower thoracic (T6-12), and lumbar. Statistical significance was defined as p < 0.05. All analyses were performed using IBM SPSS (version 24, IBM Corp.).
Results
Patient and Surgical Demographics
One hundred patients who underwent ligament augmentation were included in this analysis. The mean age was 66 years (range 25-84 years); there were 33 men and 67 women. Indications for surgery varied, with many patients having more than one diagnosis. These indications included scoliosis in 49 patients, sagittal imbalance in 43, flat back in 34, adjacent-segment disease in 14, PJF in 7, and degenerative disease in 3. Over half of the surgeries (n = 51) were revisions, and a combined anterior or lateral and posterior approach was used in 38. The mean number of levels fused was 11 (range [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The UIV was cervical in 1 case, upper thoracic (T1-5) in 42 cases, lower thoracic (T6-12) in 56 cases, and lumbar in 1 case. Three-column osteotomies were performed in 40 cases. Hook fixation at the UIV was used in 42 cases and vertebroplasty in 48 cases. Demographics are summarized in Table 1 .
Surgical Outcomes
PJA measurements were made preoperatively and at the last follow-up using standing 36-inch radiographs. The mean change in PJA was 6°; 84 patients had a change of less than 10°. Twelve patients had a change in PJA of 10°-20°, and 4 patients had a change in PJA of greater than 20° (Table 2) . Compression fractures at the UIV were seen in 9 cases. Reoperation was performed in 19 cases; however, only 4 were for PJF. Other indications for revision surgery included iliac bolt removal (n = 4), pseudarthrosis (n = 3), wound complications (n = 3), correction of osteotomy (n = 2), progression of deformity (n = 1), revision of a pedicle screw causing radiculopathy (n = 1), and removal of a retained drain (n = 1). The mean time to follow-up was 12 months (range 6-26 months). Surgical outcomes are summarized in Table 3 .
Comparison With Historical Cohort
To assess the efficacy of ligament augmentation on the prevention of PJK and PJF, we compared this cohort with a consecutive series of 100 patients treated immediately before implementation of this strategy. The results are summarized in Table 4 . The ligament augmentation cohort was slightly older at 66 compared with 62 years (p = 0.014). Both cohorts had a female preponderance, with no significant difference in sex distribution (p = 0.541). Indications for surgery were not dramatically different, and rates of revision surgery (p = 0.202) and combined anterior or lateral with posterior approach (p = 0.771) were similar. Rates of 3-column osteotomy were similar (p = 0.318), and, although the mean number of levels fused was 11 in the ligament augmentation cohort compared with 10 in the historical cohort, this difference did meet statistical significance (p = 0.029). The ligament augmentation cohort had a higher rate of constructs with the UIV in the upper thoracic spine (42% vs 32%), similar rates of constructs terminating at the lower thoracic spine (56% each), and a lower rate of constructs terminating in the lumbar spine (1% vs 11%), a difference that was significant (p = 0.003). This increase in constructs terminating at the upper thoracic spine also explains the higher rate of hook fixation at the UIV in the ligament augmentation cohort (42% vs 18%, p < 0.001). Rates of vertebroplasty were significantly higher in the ligament augmentation group (48% vs 25%); however, rates of compression fracture at the UIV were identical (9%).
The mean change in PJA was 6° in the ligament augmentation group compared with 14° in the control group, a difference that was statistically significant (p < 0.001).
FIG. 1.
Ligament augmentation. Using a matchstick burr, holes are drilled through the spinous processes of the UIV (U) and the levels immediately above (+1) and below (-1). A sublaminar cable is passed through each level in a stepwise fashion (A) and is then pulled to 1 side (B). The process is repeated with a second cable on the opposite side (C). This cable is then pulled down to obtain the desired amount of tension (D). The cables are locked onto the rods on each side using supplied connectors (E). Copyright University of California, San Francisco, courtesy of Kenneth Xavier Probst. There were 4 cases of PJF in the ligament control group compared with 18 in the historical cohort, a difference that was also significant (p = 0.002). Other causes for reoperation included pseudarthrosis, iliac bolt removal, wound complications, progression of deformity, distal junctional failure, and osteotomy correction. There were 14 cases of reoperation for pseudarthrosis in the historical cohort and 3 in the ligament augmentation cohort, with notable differences (p = 0.005), and 6 cases of progressive deformity in the historical cohort compared with 1 case in the ligament augmentation cohort (p = 0.054). Spinopelvic parameters between the historical and ligament augmentation cohorts were compared, with no significant differences in pelvic incidence, pelvic tilt, lumbar lordosis, pelvic incidencelumbar lordosis mismatch, sagittal vertical axis, sacral slope, and thoracic kyphosis at either preoperative or postoperative time points (Table 5) .
Multivariate Analysis
To control for multiple factors that may be associated with a change in PJA and progression to PJF, we performed linear regression analysis for change in PJA and binary logistic regression for PJF. In each of these models, we included age, sex, UIV, hook fixation at the UIV, vertebroplasty, and ligament augmentation based on the results of our univariate analysis of known risk factors for PJK and PJF. Variables demonstrating a significant association with change in PJA included age (p = 0.016), use of hook fixation at the UIV (p = 0.045), and ligament augmentation (p < 0.001). The only variable with a significant association with PJF was use of ligament augmentation (OR 0.193, 95% CI 0.053-0.701; p = 0.012). The results of these multivariate analyses are summarized in Tables 6 and 7 .
Discussion
We present a novel strategy for the prevention of PJK and PJF. Ligament augmentation provides strength to the junction between the UIV and adjacent noninstrumented segment without significant violation of the facet joint, minimal blood loss, and only minor increase in the overall operative time. The ligament suture is made of a flexible material and provides both structural support and an element of lordotic tension as the spine is placed into final alignment. Over the past 5 years, our strategies for PJK prevention represent an evolution of techniques. We use hook fixation at the UIV for constructs terminating in the upper thoracic spine, since PJK at these levels is generally caused by soft-tissue fatigue. For constructs terminating in the lower thoracic spine, we have increased our use of vertebroplasty, since compression fractures at these levels often contribute to PJK. We also perform terminal contouring of rods in situ so that they are not forced into position with tension. Unlike the definite start time for our implementation of ligament augmentation, the use of hook fixation and vertebroplasty was introduced gradually. Therefore, to control for changes in technique over time, we performed a multivariate analysis to assess the relative contribution of each intervention. The results of that analysis showed that age, use of hook fixation, and ligament augmentation were associated with a change in PJA, but only ligament augmentation was associated with lower rates of PJF, which we define as PJK requiring surgical revision.
In this study, we present quantitative measurements of 12 Values are presented as the number of patients unless stated otherwise.
the change in PJA, which allows for a more nuanced assessment of proximal junctional change. This is critical, particularly for patients with adult spinal deformity and even more so for those undergoing 3-column spinal osteotomies, since there are data showing that these osteotomies result in reciprocal changes in unfused segments, most notably an increase in the unfused thoracic kyphosis of +13°. 20 These reciprocal changes must be considered in future studies assessing PJK and PJF. Since definitions of PJK are variable, we propose a more standardized metric by reporting the change in PJA since it more directly assesses biomechanical changes at the junction between the UIV and adjacent unfused segments.
Given the increase in adults undergoing surgery for spinal deformity, there has been considerable investigation interest in PJK prevention strategies. Revision surgery for PJK and PJF presents a significant economic impact in adult spinal deformity; reducing these rates has the potential for significant cost savings. 29 Additional techniques believed to reduce the risk of PJK include extending fusion constructs to include levels with baseline segmental kyphosis of more than 5°, using composite metals with greater flexibility, minimizing the destruction of soft tissue at the UIV, achieving optimal spinal balance and alignment postoperatively, and using transition rods. 2, 4, 5, 7, 21, 23 Vertebral cement augmentation, including vertebroplasty and kyphoplasty, is frequently used to provide additional strength to the superior segments of long spinal fusions, thus preventing vertebral body collapse and PJK. The biomechanics of this technique have been well studied in cadaveric models.
11,12 Kayanja et al. compared stiffness and construct strength after augmenting between 0 and 3 vertebral levels with polymethylmethacrylate cement and found that these variables were not dependent on the number of augmented levels but rather on bone mineral density, and Values are presented as the number of patients unless stated otherwise. PI-LL = pelvic incidence-lumbar lordosis; SVA = sagittal vertical axis. that cement augmentation should be performed at the levels at highest risk for fracture. 11 Furthermore, Kebaish et al. found that prophylactic vertebroplasty at the UIV and superior adjacent vertebrae reduced junctional fractures after long segment instrumentation. 12 Although strengthening vertebral bodies has compelling biomechanical rationale, there are limitations to this technique. Cement augmentation can reduce nutrient supply to the adjacent intervertebral discs, thereby accelerating degenerative disease. 32 Altering the mechanics of load transfer with this technique also has the potential to cause fractures and subsequent collapse of adjacent levels; 34 some have reported rates of new adjacent and nonadjacent fractures to be as high as 20%. 31 In our ligament augmentation cohort, the rate of vertebroplasty was significantly higher than that for the historical control group, but rates of compression fracture at the UIV remained identical.
The use of spinal hooks in lieu of pedicle screws at the UIV is another well-recognized PJK prevention strategy. Hooks provide a theoretical advantage since they require less violation of the facet joint and provide more dynamic fixation at the top of the construct. 10, 13, 18 Several studies have compared PJK rates in patients with spinal hooks to those with pedicle screws at the UIV. Rates of PJK in pedicle screw constructs ranged from 30% to 35% compared with 0% to 30% in those with hooks at the UIV. 10, 18 There are obvious limitations to these studies, and more conclusive studies are needed. Vertical expandable prosthetic titanium rib implants have been described; however, their use is generally limited to cases of pediatric scoliosis. Li et al. reported PJK rates of 6% at 1 year; however, their definition limited PJK to cases with kyphosis greater than 25°. 22 Other studies have reported rates of 22%-38%, which are more consistent with historically reported rates of PJK. 9, 30 There are no data assessing PJK rates with the use of vertical expandable prosthetic titanium rib implants in adults.
There are several limitations to this study, most notably its modest follow-up and retrospective design. Future studies will include longer follow-up, but we believe it is important to note that most cases of PJK occur within 6 months from surgery. 33, 36 There is heterogeneity in our cohort with respect to the indications for surgery, although none of these differences were statistically significant. It is important to note that nearly half of the patients included had previously undergone surgery. The ligament augmentation cohort contained a higher proportion of ancillary techniques used for PJK prevention, specifically hook fixation and vertebroplasty, but increased rates of hook fixation were driven by a higher number of constructs terminating in the upper thoracic spine since we use hook fixation at those levels. Rates of vertebroplasty were also higher; however, interestingly, there was no difference in the rate of compression fractures at the UIV with the use of this technique. To control for differences in rates of hook fixation and vertebroplasty between cohorts, we performed multivariate analysis, which showed a strong association between ligament augmentation and reductions in changes in PJA and PJF. Despite the aforementioned limitations, the mean change in PJA of 6° in the ligament augmentation group represents a dramatic improvement compared with the reported literature and our own historical controls. This reduction is also associated with a significant reduction in PJF, which has the potential for significant cost savings. 29 Our results provide a compelling rationale for the use of ligament augmentation in high-risk adult spinal deformity cases and revision operations. We also believe that future studies should report magnitude of PJK in the form of change in PJA to allow for more standardized and reliable comparison of PJK prevention strategies.
Conclusions
PJK is a well-reported, yet incompletely defined, complication of surgery for adult spinal deformity. Published rates of PJK range from approximately 20% to 40%, but definitions vary widely. In this single-institution study, we have provided data illustrating a dramatic reduction in PJK and PJF associated with the use of ligament augmentation in adult patients compared with historical controls undergoing spinal deformity surgery. Age, hook fixation at the UIV, and ligament augmentation were associated with changes in PJA in a multivariate model. In a similar model assessing the effect of these variables on PJF, only ligament augmentation was associated with a significant reduction in PJF. These results provide a compelling rationale for the implementation of ligament augmentation, but also stress the importance of standardized metrics for reporting PJK and PJF. Rather than arbitrary definitions for PJK, such as a PJA of greater than 10°-20°, the magnitude of change, defined as the change in PJA, should become standard in future studies investigating PJK and PJF reduction strategies to allow for more reliable analysis across studies. Prospective studies must be pursued to determine the ultimate efficacy of ligament augmentation in adult spinal deformity. 
